Exposure to ultraviolet radiation of solar light is responsible for in¯ammation, premature skin aging and is the main cause of human skin carcinogenesis. While the noxious consequences of U.V. exposure are known, the molecular events triggered by this radiation are poorly understood. We observed that U.V.-A and U.V.-B irradiation of human keratinocytes induces the activation of tyrosine kinase pathways leading to the tyrosine phosphorylation of several cellular proteins. We also observed a stimulation of the Stress Activated Protein kinases (SAPKs), p38 and JNK, and an activation of the transcription factors AP-1 in response to U.V.-A and U.V.-B radiation. Furthermore, we clearly demonstrated that physiological U.V. doses are able to activate the Extracellular signal-Regulated Kinases, ERK1 and ERK2, which could explain the activation of the Ternary Complex Factor. Thus, in human keratinocytes, solar U.V. light activates multiple signalling pathways that could be involved in skin in¯ammation following U.V.-induced skin injury or in U.V.-induced skin carcinogenesis.
Solar ultraviolet light, U.V.-A and U.V.-B, evokes a large array of physiological and pathological responses that have been extensively studied. The eect of U.V. light on vitamin D metabolism has a key anti-rachitis role in humans (Holick et al., 1980; DeLuca, 1982) . Further, U.V.-induced skin darkening due to the stimulation of epidermal melanocyte melanogenesis appears to play a protective role against photoinduced human skin cancer (Gilchrest et al., 1996) . Beside these physiological and bene®cial eects, the solar U.V. light also causes pathological and noxious eects including skin erythema (Pentland et al., 1990) , premature skin aging (Fisher et al., 1996) and skin cancer (Ananthaswamy and Pierceall, 1990) . Recently, many studies have been undertaken to elucidate the cellular signaling pathways triggered by U.V. in mammalian cells. It has been demonstrated that U.V. radiation activates a number of transcription factors including AP-1 (Devary et al., 1992) , serum responsive factor (SRF) (Sachsenmaier et al., 1994) , and NFkB (Devary et al., 1993) . The activation of AP-1 (Jun-Fos dimer), in this case, has been ascribed to protein kinases named c-Jun N-terminal kinases (JNKs) which phosphorylate c-Jun at Ser-63 and Ser-73 resulting in enhanced transactivation of AP-1-inducible genes (DeÂ rijard et al., 1994) . These kinases which belong to the MAP kinases family, are strongly activated by cellular stress like U.V.-C irradiation and have been recently classi®ed as the stress activated protein kinases (SAPKs) which include the p38 kinase . The second group of MAP kinases, which includes the extracellular signal-related kinases ERK1 (p44) and ERK2 (p42), is not able to activate c-Jun but is involved in the induction of c-fos expression (Minden et al., 1994) . The critical cis-acting element in the c-fos promoter is a serum response element (SRE) which is bound in vivo to a ternary complex containing the ternary complex factor (p62 TCF /Elk-1) and the serum responsive factor (p67 SRF ) (Herrera et al., 1989) . p62 TCF is phosphorylated by MAP kinases and this phosphorylation results in enhanced ternary complex formation leading to the activation of the human c-fos gene (Gille et al., 1992; . Most of the results described so far have been obtained using a non-physiological source of U.V., ie. U.V.-C, which has been used as a tool to study the eects of cellular stress. However, this type of high energy wavelength does not penetrate the earth atmosphere (Shea and Parrish, 1991) . In this report, we have performed a more physiological study by investigating the molecular events triggered by U.V.-A and U.V.-B light on normal human keratinocytes which are the most exposed cells to solar U.V. radiation in vivo. The eects of U.V.-A and U.V.-B on MAP kinases, ERKs, JNK and p38 kinase and on transcription factors TCF/SRF and AP-1 have been studied.
First, we analysed the tyrosine phosphorylation pro®le in primary human keratinocytes exposed to dierent doses of U.V.-A and U.V.-B radiation. Preliminary experiments showed that signi®cative eects of U.V.-A and U.V.-B on protein tyrosine phosphorylations were obtained with 300 mJ/cm 2 and 100 mJ/cm 2 respectively (data not shown). These U.V.-A and U.V.-B doses correspond respectively to 90 s and 10 min exposures to the midday sun light in a highly sunny area such as Arizona (Jeanmougin, 1983) . Keratinocytes were exposed to the indicated doses of U.V.-A and U.V.-B and a Western blot was performed using an anti-phospho-tyrosine antibody (Figure 1 ). We observed that EGF treatment increased tyrosine phosphorylation of ®ve major proteins with apparent molecular masses of 190, 110, 70, 60 and 40 kDa (indicated by arrows). U.V.-A (Figure 1a) , and U.V.-B (Figure 1b) to a higher extent, increased tyrosine phosphorylation of four proteins at 110, 70, 60 and 40 kDa. These phosphorylations were visible 10 min after irradiation and remained observable for at least 3 h post-irradiation. Interestingly, neither U.V.-A nor U.V.-B seemed to induce the tyrosine phosphorylation of the EGF receptor (®rst arrow). This result agrees with a recent study of Huang et al. In which the authors showed that U.V.-B-induced AP-1 activity was independent of the EGF receptor activation (Huang et al., 1996) . Thus, in our cell system, U.V.-A and U.V.-B increase tyrosine phosphorylation of several cellular proteins demonstrating an activation of tyrosine kinase pathways.
Then, we investigated the eect of U.V.-A and U.V.-B on MAP kinases activation in human keratinocytes ( Figure 2 ). Both ERK1 and ERK2 activities were markedly increased by EGF. U.V.-A and U.V.-B were as ecient as EGF to stimulate ERK1 activity, but U.V. irradiation appeared to be slightly less potent to stimulate ERK2. Interestingly, we observed no increased stimulation of ERKs by raising the U.V. irradiation dose. As shown by immunoblotting, U.V.
irradiation did not aect the amount of ERK1 and ERK2 (lower panel). Next, we studied the eect of U.V.-A and U.V.-B on the stress activated protein (SAP) kinases, JNK and p38 kinase ( Figure 3 ). Anisomycin, used as control, stimulated both JNK and p38 activity. JNK was markedly activated by U.V.-A and U.V.-B. U.V.-B, and U.V.-A to a lesser extent, also induced activation of p38 kinase. Like for ERKs, U.V. dose augmentation did not trigger an increased stimulation of JNK or p38 kinase. U.V. radiation did not aect JNK or p38 kinase amount measured by Western blot (lower panel). Thus in human keratinocytes, U.V.-A and U.V.-B irradiation are able to activate both MAP and SAP kinase pathways. In two recent publications, an activation of ERK1, ERK2 and JNK in response to U.V.-B irradiation was observed in Hela and A 431 cells (Knebel et al., 1996; Rosette and Karin, 1996) . Our results appear to have more physiological relevance since we have used normal human keratinocytes which are directly exposed in vivo to U.V. 2 ) (b). For U.V. treatment, cells were harvested 10, 30, 60 and 180 min post-irradiation. Cellular extracts were prepared in lysis buer: 50 mM HEPES pH 7.4, 150 mM NaCl, 100 mM NaF, 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 1% Triton X-100, supplemented with protease inhibitors: aprotinin (2 mg/ ml), leupeptin (20 mM) and AEBSF (1 mM). 25 mg of proteins per conditions were separated by SDS ± PAGE (10% acrylamide gels), transferred to nitrocellulose and tyrosine phosphorylated proteins were visualized by Western blot with anti-phosphotyrosine antibody using ECL procedure. Figure 1 ) and ERK1 and ERK2 activities were measured using an immuno-kinase assay in a kinase buer containing 50 mM HEPES pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 0.2 mM Na 3 VO 4 , 30 mM magnesium acetate with 0.2 mg/ml MBP as substrate and 15 mM [g-32 P]ATP (30 Ci/mmol). After 45 min of incubation at room temperature, samples were resolved in a 12.5% polyacrylamide gel and the incorporation of Human normal keratinocytes were treated with 10 mg/ml anisomycin for 30 min or irradiated with the indicated doses of U.V.-A and U.V.-B. JNK and p38 kinase activities were assayed by an immune complex kinase assay in a kinase buer containing 25 mM HEPES pH 7.4, 25 mM b-glycerophosphate, 25 mM MgCl 2 , 0.1 mM Na 3 VO 4 , 0.5 mM dithiothreitol with 10 mg GST-ATF 2 (residues 1 ± 109) as substrate and 15 mM [g- (Dhanwada et al., 1995) . We also studied the eect of U.V.-A and U.V.-B on a mouse keratinocyte cell line (PAM 212), but we did not observe activation neither of the MAP kinases nor the transcription factors (AP1, SRF/TCF) (data not shown). The apparent discrepancy between the results of Dhanwada et al. and our study could be explained by the presence, in human cells, of a speci®c component rendering these cells more responsive to U.V.-A and UB-B radiation.
The role of ERKs and SAP kinases activation in U.V.-A and U.V.-B responses is not clearly understood. However, U.V.-induced skin injury is followed by an enhanced prostaglandin synthesis that contributes to the in¯ammatory response (Pentland et al., 1990) . The activity of phospholipase A 2 (PLA 2 ) that controls prostaglandin synthesis (Nakazato et al., 1991) has been reported to be stimulated after phosphorylation by MAP kinases (Qiu and Leslie, 1994) . Thus we can propose that the activation of ERKs by U.V.-A and U.V.-B plays a key role in the regulation of the in¯ammatory response through the activation of PLA 2 and prostaglandin release.
To further investigate the eects of U.V.-A and U.V.-B in human keratinocytes, we focused our study on transcription factors that have been reported to be activated by MAP and SAP kinases, respectively the serum response factor (SRF) and AP-1 (Gille et al., 1995; DeÂ rijard et al., 1994) . Using a SRE labeled probe (Figure 4) , in control conditions (lane C), we observed one speci®c complex (named cl) displaced by unlabeled SRE oligonucleotide (lane NS). This complex was not signi®cantly aected by the dierent treatments and corresponded to SRF dimers bound constitutively to the SRE (Treisman, 1992) . In nuclear extracts from and harvested at the indicated times in the following buer: 20 mM HEPES pH 7.9, 350 mM NaCl, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM dithiothreitol, 0.1 mM EGTA, 20% glycerol, 1% Nonidet P-40, 1 mM AEBSF, 2 mg/ml aprotinin supplemented with phosphatase inhibitors (1 mM Na 3 VO 4 , 5 mM NaF, 20 mM b-glycerophosphate, 10 mM p-nitro-phenylphosphate and 200 nM okadaic acid). The binding reaction was performed in 10 mM HEPES pH 7.5, 50 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, 1 mM MgCl 2 , 5% glycerol, 2 mg poly (dl ± dC) and 0.4 mg/ml salmon sperm DNA with 50 000 ± 100 000 c.p.m. of (Figure 4b ) treated cells, we observed an additional complex (named cII) with a lower electrophoretic mobility corresponding to the association of the ternary complex factor (TCF) with the complex cI (Shaw, 1992) . This second complex was observable during at least 3 h after irradiation and was also displaced by cold SRE oligonucleotide. An oligonucleotide presenting the Sp1 binding site was used to control the quality of the nuclear extracts. U.V. radiation did not induce Sp1 DNA binding activity (Figure 4c ). These results show that U.V.-A and U.V.-B induce the formation of a ternary complex over the serum responsive element. When EMSA was performed with a speci®c oligonucleotide presenting the consensus binding sequence for AP-1 (Figure 5 ), we observed a speci®c complex displaced by unlabeled AP1 probe (lane NS). EGF markedly stimulated AP-1 binding to its target sequence. U.V.-A (Figure 5a) , and U.V.-B to a greater extent (Figure 5b ), stimulated the DNA binding activity of AP-1. The eects of U.V.-A and U.V.-B could be observed 30 min after irradiation; the maximal eect was reached after 60 min and remained stable until 3 h. Hence U.V.-A and U.V.-B activate AP-1 transcription factor in human keratinocytes. Taken together these results favor the idea that the activation of AP-1 and the ternary complex results respectively from SAP kinases and ERKs activation. However, we cannot exclude that U.V.-A and U.V.-B activate AP-1 by an oxidative pathway as it has been previously reported (Djavaheri-Mergny et al., 1996) . Further, the U.V.-induced expression of c-fos via activation of the ternary complex could participate indirectly in the regulation of AP-1 complex formation (Minden et al., 1994) .
In summary, in this report we show that, in human keratinocytes, physiologically relevant U.V. radiation induces a cascade of molecular events including tyrosine kinase pathway activation, ERKs and SAP kinases stimulation that could account for the activation of ternary complex factor and AP-1 transcription factors. Interestingly, it should be noted that ERKs and SAP kinases have been reported to exert opposing eect on proliferation and differentiation in rat PC-12 pheochromocytoma (Xia et al., 1995) . Indeed, ERKs display a positive eect on cell growth, dierentiation and survival, while SAP kinases appear to be required for the induction of apoptosis. Noteworthy, in human keratinocytes, U.V.-A and U.V.-B activate both ERKs and SAP kinases which have been thought to be involved in antagonistic responses. Thus, we hypothezise that any disturbance in the ®ne tuning between these two pathways would probably lead to unregulated cell growth and photocarcinogenesis processes in case of repetitive U.V. exposure.
